The origin of novel gene functions through gene duplication, mutation, and natural selection represents one of the mechanisms by which organisms diversify and one of the possible paths leading to adaptation. Nonetheless, the extent, role, and consequences of duplications in the origins of ecological adaptations, especially in the context of species interactions, remain unclear. To explore the evolution of a gene family that is likely linked to species associations, we investigated the evolutionary history of the A-superfamily of conotoxin genes of predatory marine cone snails (Conus species). Members of this gene family are expressed in the venoms of Conus species and are presumably involved in predator-prey associations because of their utility in prey capture. We recovered sequences of this gene family from genomic DNA of four closely related species of Conus and reconstructed the evolutionary history of these genes. Our study is the first to directly recover conotoxin genes from Conus genomes to investigate the evolution of conotoxin gene families. Our results revealed a phenomenon of rapid and continuous gene turnover that is coupled with heightened rates of evolution. This continuous duplication pattern has not been observed previously, and the rate of gene turnover is at least two times higher than estimates from other multigene families. Conotoxin genes are among the most rapidly evolving protein-coding genes in metazoans, a phenomenon that may be facilitated by extensive gene duplications and have driven changes in conotoxin functions through neofunctionalization. Together these mechanisms led to dramatically divergent arrangements of A-superfamily conotoxin genes among closely related species of Conus. Our findings suggest that extensive and continuous gene duplication facilitates rapid evolution and drastic divergence in venom compositions among species, processes that may be associated with evolutionary responses to predator-prey interactions.
Introduction
Gene duplication plays a crucial role in organismal evolution (Ohno 1970) as it facilitates increases in genetic and functional diversities (Hughes 1994; Zhang 2003) , contributes to gene dosage effects (Kondrashov et al. 2002; Gevers et al. 2004; Perry et al. 2007) , and can instigate reproductive isolation through the origin of Dobzhansky-Muller incompatibilities (Lynch and Conery 2000) . Several works have described mechanisms of gene duplication (Zhang 2003) , fates of duplicated genes (Lynch and Conery 2000; Conant and Wolfe 2008) , and correlation of duplicability with factors such as adaptability and functional constraints (Conant and Wolfe 2008) . Models of gene family evolution present alternative viewpoints on the neutrality of duplication and functional fates of gene duplicates (Innan and Kondrashov 2010) . In particular, gene duplication has been proposed to be adaptive when organisms are confronted with ecological stress because it leads to either dosage benefits or neofunctionalization of duplicated copies (Kondrashov et al. 2002) . Gene duplication has been found in many genes that are involved in ecological adaptation to abiotic changes, such as the Dca gene that is involved in adaptation to lower temperature in Drosophila (Arboleda-Bustos and Segarra 2011) and several members of CspA gene family for cold shock in Escherichia coli (Yamanaka et al. 1998 ). Gene duplication is also associated with many types of species interactions and plays an important role in the generation of genetic diversity in the context of biotic changes, such as the insect nitrile-specifier protein-like gene family (Fischer et al. 2008 ) and P450 genes (Wen et al. 2006 ) that are associated with adaptations to cope with the chemical defenses of plants and major histocompatibility complex (Burri et al. 2010 ) and immunoglobulin (Guldner et al. 2004) gene families that are involved in host-pathogen interactions.
The role of gene duplication in predator-prey interactions can be investigated in systems in which the traits associated with the interactions can be characterized genetically. Many taxa, including cnidarians, numerous arthropod species, conoidean gastropods, and various vertebrates, use venoms to capture prey or defend against predators, and in most cases, these venoms contain peptide neurotoxins that directly target various ion channels and cell receptors (Daltry et al. 1996; Olivera 2002; Fry et al. 2003 Fry et al. , 2006 Moran et al. 2008; Binford et al. 2009 ). Gene duplication and positive selection have been documented for genes expressed in venoms of a variety of venomous taxa, including cone snails Palumbi 1999b, 2004; Conticello et al. 2001; Duda and Remigio 2008; Puillandre et al. 2010) , spiders (Binford et al. 2009 ), and snakes (Fry et al. 2003; Juarez et al. 2008) . Neurotoxic peptides in the venoms of predatory marine snails Conus (i.e., conotoxins) are utilized primarily for prey capture (Kohn 1959; Olivera 2002) , and thus, the evolution of conotoxins is presumably driven by the evolution of resistance in prey (i.e., represents a coevolutionary arms race) and/or shifts in prey utilization patterns (Duda and Palumbi 1999b) . Conotoxins are encoded by various gene families that contain some of the fastest evolving genes of metazoans (Duda and Palumbi 1999b) . Previous studies on allelic variants of conotoxin genes and dietary divergence among geographical locations have shown strong associations between venom diversity and dietary specializations ). Nonetheless, because most past studies of conotoxin evolution have relied on analyses of expressed conotoxin genes (i.e., mRNA sequences), little is known about the frequencies and patterns of gene duplication and loss or the effects of these phenomena on the evolution of conotoxin gene families. Our study effectively fills this gap through examination of conotoxin gene sequences recovered from genomic DNA. Our genome-based investigation of conotoxin gene family evolution represents a large advance from previous studies that relied on venom transcripts because Conus species do not appear to express orthologous gene copies (Duda and Remigio 2008) .
We determined sequences of A-superfamily conotoxin genes of four closely related, worm-eating Conus species: Conus lividus, Conus diadema, Conus quercinus, and Conus sanguinolentus. These genes encode a-conotoxin peptides that are selective inhibitors of nicotinic acetylcholine receptors (McIntosh et al. 1999) . The a-conotoxins are distinguished from other conotoxin types by their particular cysteine backbone that occurs in the pattern of ''C1C2(X) n C3(X) n C4,'' with various numbers of amino acids (denoted as (X) n ) between the second and third (C2 and C3) and third and fourth (C3 and C4) cysteine residues (Santos et al. 2004) . Miocene fossil records suggest that C. lividus and C. quercinus diverged about 11 Ma, and phylogenetic studies indicate that C. lividus, C. diadema, and C. sanguinolentus diverged more recently (Duda and Kohn 2005) , a situation that enables us to evaluate the rate of gene turnover across distinct time intervals. These four species are broadly distributed in the Indo-West Pacific (C. lividus, C. sanguinolentus, and C. quercinus) or Eastern Pacific (C. diadema) and exhibit distinct dietary characteristics (Kohn 1968 (Kohn , 2001 Nybakken 1978; Duda et al. 2001 ). Here we reconstructed the evolutionary history of A-superfamily conotoxin genes from these species, estimated rates of gene duplication and gene losses, evaluated the trajectories of rates of evolution after duplication, and predicted the functional fates of these genes. Based on past observations of high rates of evolution of conotoxin genes (Duda and Palumbi 1999b ) and strong differences in expression profiles of conotoxins among closely related species (Duda and Palumbi 2004) , we predict that rates of gene turnover are highly elevated within Conus and that increases in gene copy number facilitate the rapid evolution of conotoxin genes as well as the divergence of venom compositions among species.
Materials and Methods
Specimens and Genomic DNA Extraction Specimens of C. lividus collected in Hawaii, C. diadema in Panama, C. sanguinolentus in American Samoa, and C. quercinus from Hawaii provided by J-P Bingham (University of Hawaii) were deposited in the collections of the Mollusk Division of the University of Michigan Museum of Zoology. Body tissues were preserved in 95% ethanol. Venom ducts were preserved in RNAlater (Ambion, Inc.) and stored at À20°C. We extracted genomic DNA from the foot tissue of two individuals each of C. lividus and C. diadema, venom ducts of two individuals of C. quercinus, and the foot tissue of one individual of C. sanguinolentus using the E.Z.N.A Mollusc DNA kit (Omega Bio-Tek, Doraville, GA).
Phylogenetic Relationships of Four Conus Species and Molecular Clock Analyses
We amplified mitochondrial cytochrome c oxidase subunit I (COI) sequences from genomic DNA of our samples with the universal primers LCO1490 and HCO2198 (Folmer et al. 1994) and sequenced the polymerase chain reaction (PCR) products in both directions at the University of Michigan DNA Sequencing Core facilities. Sequences of a calmodulin intron and a b-tubulin intron were amplified from genomic DNA of each individual with exon priming, intron crossing primers for a 262 nt region of the calmodulin gene with primers described in Duda and Palumbi (1999a) and a 523 nt intron region of the b-tubulin gene (forward primer 5#CTGCGACTGTCTGCAAGGTATCG3# and reverse primer 5#GAATGCGTCAGCTGGAAACCTGC3#). PCR products of calmodulin and tubulin introns were ligated into TA cloning vectors, which were then transformed into competent E. coli using The Original TA Cloning Kit with Top 10 Competent Cells (Invitrogen). We screened colonies for expected insert sizes with vector primers and sequenced those with appropriately sized inserts. Chromatograms were examined in Sequencher version 4.8 (Gene Codes Corporation), and sequences were manually aligned in Se-Al v2.0a11 (Rambaut 2002 ). We performed model selection on COI sequences in jModelTest 0.1.1 (Guindon and Gascuel 2003) (number of substitution schemes 5 11, including models with unequal base frequencies, invariable sites, rate variation among sites, and maximum-likelihood tree for likelihood calculations), and the best models suggested by Akaike's information criterion (Akaike 1974) and Bayesian information criterion (Schwarz 1978) were selected for phylogenetic analyses. We constructed phylogenetic trees of mitochondrial COI sequences of our samples and two outgroup species (C. catus and C. lorenzianus) (GenBank accession numbers AY588194 and AY588163) with maximumlikelihood approaches in PAUP 4.0 (Swofford 2002) Chang and Duda · doi:10.1093/molbev/mss068 MBE (heuristic search with the Nearest Neighbor Interchange swapping on best trees only) and 1,000 bootstrap replicates and with Bayesian methods in MrBayes v3.1.2 (Huelsenbeck and Ronquist 2001) (10,000,000 generations, 4 Markov chains, 2 runs, and 200 absolute burnin). We measured distances of intron sequences of the calmodulin and tubulin loci among these four species using the JukesCantor model (Jukes and Cantor 1969) with uniform rates. Because of the existence of potential paralogs of tubulin and calmodulin sequences in our target species, we utilized the minimum genetic distances of these sequences among species for phylogenetic and molecular clock analyses as well as to identify orthologous and paralogous conotoxin loci (see below).
To avoid the influence of outgroups on estimation of divergence time, we constructed the phylogeny from analyses of mitochondrial COI sequences of our target species only and rooted the tree with the COI sequence from C. quercinus. A maximum-likelihood test of the molecular clock hypothesis was performed in MEGA 5.05 (Tamura et al. 2011 ) using the best model for COI sequences. Bayesian estimations of divergence times of the four species under strict and relaxed molecular clock model (uncorrelated lognormal) (Drummond et al. 2006) were conducted in BEAST v1.6.1 with Markov chain Monte Carlo (MCMC) analyses of 20,000,000 generations (log parameters every 1,000 generations), using the divergence time of 11 My between C. lividus and C. quercinus as the reference calibration. The XML input files for BEAST analyses were created in software BEAUti v1.6.1 included in the BEAST package (prior t MRCA and the root height of four species set to lognormal distribution with mean of ln(11) and standard deviation of 0.01). Both COI sequences and concatenated COI and calmodulin and tubulin intron sequences of these four species were used to build species tree under strict and relaxed clock models (with partition of substitution models and evolution rates in separate gene regions of concatenated sequences) and to infer time of divergence of these species. Output log files from BEAST were analyzed in Tracer v1.5 to evaluate convergence, and tree files were imported into TreeAnnotator v1.6.1 in the BEAST package (first 1,000 results were burnin, posterior probability limit set to 0.5, mean node heights estimation) to build the maximum clade credibility tree and summarize the time estimations.
Recovery of A-superfamily Genes from Genomic DNA and Phylogenetic Analyses To attempt to recover all A-superfamily genes from the genomes of these species, we designed ten sets of primers based on alignments of expressed A-superfamily gene sequences of more than 100 Conus species (supplementary table S1, Supplementary Material online). The primers correspond to 1) a relatively conserved sequence region downstream of a known intron position and upstream of the toxin-coding region and 2) a highly conserved region of the 3# untranslated region. We used these primers to amplify A-superfamily genes from genomic DNA of each individual, cloned the amplification products, screened the resultant colonies with M13 primers, and sequenced suspected A-superfamily gene inserts to recover as many unique conotoxin gene sequences as possible. We repeated the whole procedure to recognize putative amplification or cloning-induced artifactual sequences (Duda and Remigio 2008) . Sequence diversity curves (Duda and Remigio 2008) were generated for each round of amplification of each individual to evaluate whether enough inserts were sequenced to potentially recover all A-superfamily genes from the genomes of these species.
All sequences were manually aligned in SE-AL v2.0a11 (Rambaut 2002 ) based on examination of nucleotides and translated amino acids among sequences (especially the conserved cysteine backbone). Sequences recovered in both rounds of experiments or from both individuals of the same species were considered to represent nonartifactual sequences. We constructed a neighbor-joining tree of all nucleotide sequences recovered with the K80 model (Kimura 1980) in PAUP 4.0 (Swofford 2002) to confirm that no distinct clade included solely artifactual sequences and all artifactual sequences were eliminated from the data set for subsequent analyses. We constructed gene trees using maximum-likelihood methods and Bayesian methods as described above. We used an A-superfamily gene sequence from C. catus (GenBank accession number FJ868066) to root the tree, based on the previous studies on phylogenetic relationships of Conus species (Duda and Kohn 2005) and the evolutionary trajectories of a-conopeptides (Puillandre et al. 2010 ).
Determination of Orthology and Inference of Duplication and Loss
We identified sets of sequences that exhibited clustering patterns in the genealogy that resemble the topology of the species tree. We measured synonymous divergence (d S ) among conotoxin loci with the modified Nei-Gojobori method with the Jukes-Cantor model (Nei and Kumar 2000) . Any pairs of sequences with d S not exceeding the minimum genetic distances determined from introns of the calmodulin and tubulin loci among respective species were regarded as putative orthologs, with the assumption that rates of synonymous divergence of the calmodulin and tubulin loci are roughly equivalent to that of orthologous conotoxin sequences. We used orthology and counts of alleles from each individual (i.e., no more than two alleles for one locus in each individual) to determine the number of unique loci present in each species.
We constructed a Bayesian consensus phylogeny with DNA sequences of single alleles representing each unique locus (a ''reduced'' gene tree) as described above. Reconciliation of the species tree and reduced gene tree was performed in Notung 2.6 (Durand et al. 2006; Vernot et al. 2007 ) to estimate all possible gene duplication and loss events and the timings of these events. To avoid overestimation of turnover caused by poorly supported clades (clades with posterior probabilities less than 0.9), we Extensive Gene Turnover Facilitates Rapid Evolution · doi:10.1093/molbev/mss068 MBE utilized Notung to produce resolved alternative topologies and reported the minimum estimation of duplications and losses. Pseudogenes were identified based on the presence of premature stop codons or nonsynonymous substitutions in any of the four cysteine codons recovered from the four species.
To verify the inference of duplications/losses from the reconciliation analyses, we performed Bayesian rates estimation of duplications and losses in PrIME-GSR 1.0 (Å kerborg et al. 2009 ). This approach reconstructs and reconciles gene trees simultaneously with prior knowledge of the species tree, substitution model, molecular clock model of gene sequences, and gene duplication/loss process. We utilized the species topology and branch times of the relaxed molecular clock analyses of concatenated sequences ( fig. 1 ) and the K80 þ G model (equal base frequencies, j 5 1.6721, a 5 0.813), one of the best models selected for conotoxin gene sequences. We set the relaxed clock model of gene sequences to independent identical lognormal and the prior duplication/loss rates to 0.8 and performed MCMC analyses in two parallel chains of 700,000 generations each (logging every 1,000 generations). We analyzed the output file with the PERL script ''mcmc_analysis.pl'' included in the PrIME program and exported results of posterior probabilities and rates parameters. Convergence tests of two chains were performed with geweke.diag and heidel.diag functions implemented in CODA package in R (Plummer et al. 2006) . Mean and ranges of the duplication rates and loss rates were summarized after removal of results of the first 500,000 generations.
Simulations of Sampling Effects on Inference of Gene Duplications
Limited by the unavailability of a complete Conus genome and our experimental approach, it is possible that we failed to identify some A-superfamily genes even though sequence diversity curves were saturated. It is unclear whether missing certain ''essential'' gene or gene combinations would affect the pattern and estimation of gene duplications and thus limit our evaluation of the effects of gene birth. To evaluate the impact of possible incomplete sampling on our estimates of gene duplication, we conducted several simulations. First, we randomly selected a set of genes from the gene pool of the four species, deleted these genes from the gene tree in PAUP, reconciled the pruned gene tree with the species tree with Notung, and estimated the overall duplication events and duplications after separation of C. diadema. The whole process was automated in PERL. We repeated the trial for 100 random combinations of excluded sequences (removal of single gene is exhaustive and we evaluated effects of every unique gene removal trial). In addition to random removal from genes of four species, we also conducted trials in which a proportion of genes were randomly removed from each species.
Estimation of Rates of Evolution of Contoxin Gene Paralogs and Orthologs
We tested a strict molecular clock hypothesis for conotoxin genes with the same approach as described above using the reduced Bayesian consensus tree and Hasegawa-KishinoYano (HKY) (Hasegawa et al. 1985) þ I þ G model. We calculated d S of the prepro and toxin-coding regions and d N of toxin-coding regions of paralogous loci of each species using the modified Nei-Gojobori method with Jukes-Cantor correction (Nei and Kumar 2000) in MEGA 4 (Tamura et al. 2007 ). Based on the assumption that the rate of synonymous substitution is constant, we estimated the synonymous substitution rate to be 0.004 per My. Then we calculated the time of separation of each pair of paralogs by dividing the pairwise d S with 0.004 and estimated the rate of evolution by dividing pairwise d N values with corresponding estimates of time of divergence. Because the genus Conus dates back to 55 Ma (Kohn 1990 ), we calculated mean rates of evolution of each species by averaging rates of the pairs with d S 0.2 (representing 50 My). We calculated d N and d S of identified orthologous loci and estimated the rates of nonsynonymous substitution of orthologous loci of C. diadema and C. lividus by dividing d N by two times 1.6 My (divergence time estimated from molecular clock analyses as described above).
Ancestral Sequence Reconstruction and Tests of Positive Selection
Ancestral sequences of each node were reconstructed with the likelihood-based empirical Bayesian approach implemented in the Baseml package of PAML 4.3 (Yang 2007 ) with our Bayesian consensus genealogy, aligned conotoxin gene sequences, and the model utilized to build the genealogy (HKY þ I þ G; no clock). We tested positive selection with the maximum-likelihood method of the Codeml package of PAML 4.3 (Yang 2007) . We used the Bayesian consensus gene topology and the alignment of suspected non-artifactual conotoxin sequences; we Chang and Duda · doi:10.1093/molbev/mss068 MBE excluded pseudogenes and one short toxin sequence of the a4/3 type. Models of d N /d S 5 1 and d N /d S estimated were tested on the toxin-coding region where signatures of positive selection were detected previously for conotoxin genes (Duda and Palumbi 1999b; Puillandre et al. 2010) using the model of one rate across the whole tree and all sites (model 5 0 and NSsites 5 0).
Results

Species Tree and Dates of Separation
We obtained mitochondrial COI sequences and sequences of a calmodulin and tubulin intron from C. lividus, C. diadema, C. quercinus, and C. sanguinolentus (GenBank accession numbers in supplementary 
Conotoxin Gene Tree
We sequenced 938, 434, 411, and 303 cloned products from two individuals each of C. lividus, C. diadema, and C. quercinus and one individual of C. sanguinolentus. After evaluation and elimination of putative polymerase, cloning, and sequencing errors from results of both rounds of experiments, we identified 51 unique putative A-superfamily conotoxin sequences from C. lividus, 20 from C. diadema, 18 from C. quercinus, and 19 from C. sanguinolentus (supplementary table S5 , Supplementary Material online; GenBank accession numbers JF723384-JF723491). The neighbor-joining tree that included all sequences contained no clades comprised exclusively of potential artifactual sequences. Saturation of sequence diversity curves implied that sequencing of additional products was unlikely to uncover additional unique sequences. Based on determinations of orthology and counts of alleles at each locus in each individual, we determined that these sequences represented 32 A-superfamily loci from C. lividus, 18 from C. diadema, 18 from C. sanguinolentus, and 12 from C. quercinus (supplementary table S5 , Supplementary Material online), including several polymorphic loci. Both maximum-likelihood and Bayesian methods with the HKY þ I þ G model produced identical topologies of these sequences. Because the presence of allelic variants can lead to overestimation of duplication events, we selected sequences representing single alleles of each locus to build the reduced gene tree. The Bayesian consensus phylogeny is illustrated in figure 2.
Duplication and Loss
Based on examination of predicted amino acid sequences, a total of 13 sequences of eight loci from three Conus species appeared to represent pseudogenized gene copies, and these putative pseudogenes are of three distinct types: premature stop codon (type I) and destruction of cysteine backbone at different cysteine positions (types II and III) (supplementary table S6, Supplementary Material online, fig. 2 ). Additional gene losses may not be observable or identifiable because we may not have been able to sample them with the approach used. Reconciliation of the nonbinary gene tree ( fig. 2 ) with the binary species tree ( fig. 1 ) yielded 44 duplications and 39 gene losses. Reconciliation with alternative consideration revealed a minimum of 38 duplications and 29 gene losses (including eight putative pseudogene sequences) ( fig. 1 ). Gene duplications have occurred relatively continuously throughout the evolutionary history of these four species (figs. 1 and 2). Since the divergence of C. lividus, C. diadema, and C. sanguinolentus, A-superfamily conotoxin genes underwent 13 rounds of duplication, and one locus exhibited up to four rounds of duplication within this time frame (figs. 1 and 2). The time estimates of all the branches in the species tree ( fig. 1 ) sum to 23.9 My, so the overall duplication rate of this gene family averaged over all four species is 1.13 duplications per My. In the recent 1.6 My, the rate of gene birth is 3.71 duplications per My. Average duplication rates are heterogeneous among species: 26.7 duplications per My for C. lividus, 1.25 for C. diadema, 0 for C. sanguinolentus, and 0.18 for C. quercinus. Similarly, the frequencies of inferred gene losses are different among these species: 7 losses in C. lividus and 9 in C. sanguinolentus
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To verify the estimates of parameters in Notung reconciliation, we performed the Bayesian analyses of the rates of gene gain and losses in PrIME-GSR. Tests of convergence of MCMC analyses of 700,000 generations with 450,000 burnin indicated that both chains of analyses converged. The mean birth rates of each chain are 0.081 and 0.078 per gene per My with variance of 1.69e À4 and 1.75e À4 and ranges are 0.049-0.123 and 0.051-0.113, respectively. The average death rates are 0.0037 and 0.0049 losses per gene per My for two chains with ranges of 0-0.024 and 0-0.023 and variances of 1.55e À5 and 1.43e À5 .
Evolution Rate and Positive Selection
A test of a strict molecular clock with maximum-likelihood method and HKY þ I þ G model rejected the null hypothesis of equal evolution rates across the reduced conotoxin genealogy illustrated in figure 2 (lnL 5 À836.312 with clock vs. lnL 5 À728.571 without clock, df 5 79, P value , 1 Â 10 À14 length of sequences 5 81 bp, third codon position was included). Average rates of nonsynonymous substitution of A-superfamily genes are high but heterogeneous among these species: 2.7% per My for C. lividus, 1.8% per My for C. sanguinolentus, 1.3% per My for C. diadema, and 0.9% per My for C. quercinus. These rates are similar to those reported previously for O-superfamily conotoxin genes (Duda and Palumbi 1999b) . The estimated nonsynonymous substitution rates immediately after duplication exhibited a maximum rate of substitutions of 22.9% per My and decreased dramatically with greater values of d S (representing divergence time of paralogs) in quasiexponential L-shape relationships (supplementary fig. S1 , Supplementary Material online). Normalization of nonsynonymous substitution rates with log 10 transformation and linear regression of the transformed data against d S showed that the decreasing patterns were significant in each species (fig. 3 ). In addition, several orthologous loci among C. lividus, C. diadema, and C. sanguinolentus were identical in sequence after separation of species, whereas their respective paralogs differed substantially (supplementary fig. S2 and 
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Function and Ancestral Sequences Reconstruction
Genes recovered from our study encode four types of a-conotoxins: a4/4, a4/7, a4/6, and a4/3. The a4/7 type is the most common conopeptide, and genes for this peptide occurred in all four species, whereas only two loci represent a4/4 conotoxins. The a4/6 and a4/3 types are rarely found in worm-eating species (Puillandre et al. 2010 ) and were exclusively recovered from the genome of C. lividus ( fig. 2 ). Ancestral sequence reconstruction based on the genealogy in supplementary figure S2 (Supplementary Material online) and all the aligned conotoxin sequences showed that the nodes ancestral to the gene of a4/3 type might have been pseudogenes (supplementary fig. S2 and table S9, Supplementary Material online), a possible intermediate stage from the a4/7 to the a4/3 type.
Discussion
We recovered conotoxin genes from genomic DNA of four closely related vermivorous Conus species, reconstructed the evolutionary history of these genes, and estimated numbers of duplication and loss, rates of gene birth, and nonsynonymous substitution rates among paralogs and orthologs of this gene family. This represents the first thorough study of conotoxin genes recovered exclusively from genomic DNA of Conus species. Our results revealed a remarkable pattern of quite extensive gene turnover, rapid evolution, and diversification of these genes within relatively recent evolutionary time.
Turnover of A-superfamily Genes
A-superfamily conotoxin genes appear to evolve in a ''birth-and-death'' pattern, a model of gene family evolution presented by Nei and Hughes (1992) , but they do so in an extreme manner. Immediately after gene duplication mutation, redundant gene copies go through a phase of fixation in the population (Innan and Kondrashov 2010) . The duplication and fixation phases cannot be considered separately in our case, so duplication of Asuperfamily genes here is regarded as the product of both duplication mutation and fixation of gene duplicates. Gene duplication appears to have occurred relatively continuously throughout the evolutionary history of these four species, but with asymmetrical bursts of duplications among lineages ( figs. 1 and 2) . The average gene duplication rate estimated with the Bayesian method is about 0.08 per gene per My. If we assume that the size of the A-superfamily in the common ancestor of the four species analyzed was approximately 20 genes (mean of the numbers of unique loci of the four extant species), the average overall duplication rate estimated from reconciliation analyses is roughly 0.06 duplications per gene per My, which is essentially similar to the Bayesian estimation of duplication rate. This rate of gene duplication is about three times greater than the highest average rates estimated from several eukaryotic genomes (average 0.01 per gene per My and range of 0.002-0.02 in Lynch and Conery 2000; 0.028 per gene per My in yeast, 0.0014 in Drosophila, and 0.024 in C. elegans in Gu et al. 2002) and at least two times greater than the highest rates determined for multigene families such as olfactory receptor (Nei et al. 2008) , vomeronasal receptor (Grus and Zhang 2004) , spider venom (Binford et al. 2009 ), RNase gene families (Zhang et al. 2000) , and pancrustacean eye development and phototransduction genes (Rivera et al. 2010) . Since the divergence of C. lividus, C. diadema, and C. sanguinolentus 1.6 Ma, the gene duplication rate of 3.71 duplications per My, or roughly 0.19 per gene per My, is at least two times as high as the overall rate of this gene family, signifying an acceleration of gene birth, most of which is contributed by C. lividus and the common ancestor of C. lividus and C. sanguinolentus. The overall rate of gene duplication may be as high as the rate estimated from the recent 1.6 My but is difficult to prove because such extensive gene turnover may have eliminated traces of ancestral gene duplications.
Incomplete sampling of paralogous genes in the gene family may lead to incorrect placements of duplication events on the species tree (Ness et al. 2011 ) and either overor underestimation of numbers of gene duplication events. It is possible that our approach and our conservative evaluation of non-artifactual toxin sequences failed to recover certain members of the gene family or that recent gene duplicates are too similar to be recognized as such. We simulated scenarios of incomplete sampling of conotoxin loci by treating our current data set as reference and randomly removing up to 10% of loci. Results implied that the pattern of extensive gene gain revealed from our study was not affected by potential incomplete sampling. Simulations of both proportional removal of sequences of each species and random removal of sequences of all four species combined showed that failure to recover additional genes Extensive Gene Turnover Facilitates Rapid Evolution · doi:10.1093/molbev/mss068 MBE would have lead to an underestimation of the overall number of duplication events (supplementary fig. S3a , Supplementary Material online) but did not affect fine-scale measurements of duplication events during short time intervals (supplementary fig. S3b , Supplementary Material online). The variance of estimates slightly increased with more genes removed, but no outlier was detected that would have significantly altered the magnitude of gene turnover (supplementary fig. S3, Supplementary Material  online) .
The overall rates of gene duplication estimated through Bayesian and reconciliation approaches were remarkably very similar, but rates of gene loss differed considerably.
Results from the reconciliation analysis implied that the A-superfamily has maintained its size over time, whereas results from the Bayesian approach suggested that the gene family has undergone constant expansion. Reconciliation of the gene trees and species tree (topology only) utilizes maximum parsimony, and its optimization weighs heavily on minimization of gene duplications (Chen et al. 2000; Vernot et al. 2007 ). On the other hand, the Bayesian approach models gene gain and loss based on a species tree with known branch lengths (Å kerborg et al. 2009 ). The rates of gene loss are modeled as being constant through time which is incompatible with neofunctionalization of gene duplicates or selection (Eulenstein et al. 2010 ) and which may not be applicable to the A-superfamily. The discrepancies in estimates of gene loss from these two approaches may also be induced by lack of resolution near the root of the gene tree ( fig. 2) , which may impact the estimation of these rates.
Even though we were unable to evaluate the duplication and fixation phases separately, the rate of duplication mutation alone (i.e., not including rates of duplicate fixation) of these conotoxin genes is likely to be much higher than our estimate of gene duplication (which includes the rate of duplicate fixation) because some duplicated genes may not have been fixed after duplication and because some duplicates may not have diverged in sequence and so are unrecognizable in the genomes of these species. Nothing is known about the mechanism of conotoxin gene duplication, but based on the presence of highly conserved regions of the toxin prepropeptide as well as introns and untranslated regions of conotoxin genes, the process of gene duplication is more likely to be due to unequal crossing-over than retroposition (Zhang 2003) . Locations of these genes may also affect the rate of gene duplication, and we predict that these genes and members of other conotoxin gene families that are evolving rapidly are predominantly clustered within regions of the genome that are prone to extremely high rates of unequal crossing-over, as is suspected for other gene-rich gene families (Zhang 2003) .
Evolution of A-superfamily Genes
The rates of evolution of the A-superfamily conotoxin genes are comparable with those observed for O-superfamily conotoxin genes (Duda and Palumbi 1999b) . Results from the strict molecular clock test indicated that the genes analyzed exhibit heterogeneous rates of evolution, and the average nonsynonymous substitution rates differed slightly among species. The semi-L-shape pattern of the nonsynonymous substitution rates of paralogs against their divergence time (supplementary fig. S1 , Supplementary Material online) and the significant negative slope and intercept of the regression ( fig. 3) imply that rates of evolution decrease significantly immediately after duplication and then gradually stabilize at a plateau. The nonsynonymous substitution rate immediately after duplication exhibited a maximum rate of substitution of 22.9% per My, suggesting that duplication facilitates the rapid evolution of these genes. The evolution of recent gene duplicates may be asymmetrical such that heightened rates of evolution occur only within copies that are relaxed from selection.
Based on the strong signals of positive selection, we posit that duplicated gene copies have undergone neofunctionalization. Because all recovered sequences exhibit similarity to a variety of sequences of A-superfamily gene transcripts (i.e., they cluster among the breadth of A-superfamily conotoxin sequences recovered from venom duct mRNAs that are reported in GenBank), we presume that these sequences represent A-superfamily conotoxin genes and that they do not represent genes with other functions (e.g., descendants of the ancestral genes from which conotoxin genes were coopted). In addition, we are unaware of any studies that have indicated that A-superfamily-like genes are expressed or have alternative functions outside of the venom delivery system of Conus. Furthermore, mutagenesis studies of conotoxins have shown that modification of single amino acids of the mature toxin alters the peptide's functional specificity and binding efficiency (Dutertre et al. 2007; Whiteaker et al. 2007; Ellison et al. 2008; Halai et al. 2009 ). Hence, nonsynonymous substitutions within the toxin-coding region of redundant gene copies likely affect the functions of the expressed products, possibly in terms of their utility in prey capture. Gene duplication and the subsequent evolution of the duplicates appear to have increased the functional diversity of conotoxins and may have led to functional shifts of some genes. a-Conotoxin peptides comprise several distinct types (a3/5, a4/3, a4/4, a4/6, and a4/7) that are distinguished by the number of amino acids that occur between the second and third and third and fourth cysteine residues; each type targets certain subsets of muscle/neuronal receptors (McIntosh et al. 1999; Tsetlin et al. 2009 ). Inferred from the genealogy ( fig. 2) , new functional a4/6 and a4/3 types emerged by duplication and divergence from the common a4/7 type (supplementary fig. S4 , Supplementary Material online). The a4/6 and a4/3 types were only recovered from C. lividus, a pattern that implies that these functional types emerged from fairly recent duplications (, 0.3 My) . In addition to insertions/deletions within the duplicates, the genealogy and ancestral sequence reconstruction (supplementary fig. S2 and table S9, Supplementary Material online) suggest that the shift from the a4/7 type to a4/ 3 type may have resulted from ''disulfide-bond reshuffling,'' a phenomenon proposed by Zhang (2007) and observed in Chang and Duda · doi:10.1093/molbev/mss068 MBE RNase A genes of primates (hypothetical process illustrated in supplementary fig. S5, Supplementary Material online) .
Model of Conotoxin Gene Family Evolution
Redundant gene copies produced by gene duplication mutation can be either neutral and fixed by genetic drift (Ohno 1970) or beneficial and fixed by selection (Francino 2005; Kondrashov and Kondrashov 2006; Bergthorsson et al. 2007 ). We are unable to assess which mechanism is associated with the fixation of conotoxin gene duplicates. We also are not aware if increases in toxin dosage improve predation efficiency or if amplification of secondary functions of these genes is beneficial to cope with ecological shifts and varying stress. Based on the high rates of gene turnover and the rapid evolution of conotoxin genes we observed, we posit that extensive gene duplication events create redundant gene copies for rare though beneficial mutations to occur and hence dramatically increase the frequency at which gene duplicates become fixed and new adaptive genotypes arise. Strong positive selection leading to neofunctionalization of duplicate genes may dramatically enhance the rapid fixation of advantageous genotypes and contribute to the rapid evolution of conotoxin genes. Neutral or disadvantageous copies may be pseudogenized or lost from the genome in the fate determination stage. This scenario is similar to predictions of the adaptive radiation model of gene family evolution: rapid bursts of duplication, strong selection on paralogs, and eventual pseudogenization of some gene copies (Francino 2005) , even though the neutrality of duplication is debatable.
Venom Evolution
Rates of duplication of A-superfamily conotoxins are asymmetrical among species, even between populations of C. lividus and C. sanguinolentus that appear to have shared a recent common ancestor about 0.3 Ma. High rates of turnover and the rapid evolution of A-superfamily conotoxin genes cause large divergence in the composition of this gene family among closely related Conus species. Out of the six ancestral orthologous genes of the four species examined, two genes were pseudogenized in C. quercinus, whereas the others were not observed and so were possibly lost from its genome. Meanwhile, numerous putative species-specific duplications occurred in C. quercinus ( fig. 2) . Gene duplication events after separation of C. diadema and species-specific duplications in C. diadema and C. lividus also contributed to divergence of the composition of the A-superfamily of these two species ( fig. 2) . Such large differences in composition among species may also be induced by differential gene losses as the numbers of gene losses differ among species ( fig. 2) . Without information about the structure and distribution of these genes in the genome, we cannot completely rule out the possibility of ancient duplication and lineage-specific losses, a pattern found in many genes such as tuf genes in eubacteria (Lathe and Bork 2001) and globin genes in mammals (Opazo et al. 2008) . But the simultaneous gain and loss patterns should be more probable because the size of A-superfamily in C. lividus is much larger than in its close relatives and the ages (d S ) of paralogs are relatively continuous (fig. 3) .
Sources of selection and the correlation of gene duplication and diversification of conotoxin genes with ecological adaptations in this study remain unknown. The evolution and diversity of conotoxin genes have been suggested to correlate with prey specializations in various studies of Conus species at both interspecific and population levels (Duda and Palumbi 2004; ). Our target species prey on diverse sets of marine worms and exhibit different geographical distributions (Kohn 1968 (Kohn , 2001 Nybakken 1978) . Hence, it is possible that the differences in patterns of evolution of A-superfamily among species are correlated with prey diversities or prey availability in different geographical boundaries. This hypothesis could be verified with future studies of functional assays of conotoxins on different types of prey and direct tests of patterns of conotoxin gene family evolution and dietary shifts.
Conclusion
Our study revealed that A-superfamily conotoxin genes of Conus species possess heightened rates of gene turnover coupled with enhanced rates of evolution. The extensive gene turnover appears to have facilitated vast diversification of the composition of the A-superfamily among species and presumably enabled functional shifts of peptides expressed in the venoms of these species, a condition that may be compelled by dietary shifts or the origins of resistance in prey. Increases in gene copy number likely create additional targets of opportunity for beneficial mutations, enhance the efficacy of positive selection, and may eventually lead to the origin of novel gene functions. In this sense, continuous radiation of gene families facilitates the diversification and rapid evolution of genes that are associated with predator-prey interactions. Such extensive turnover of conotoxin genes affects the ability to reconstruct the long-term evolutionary patterns of these genes, and so it is critical to examine the evolutionary histories and relationships of these genes over short time intervals.
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